Although previous studies have failed to detect an association between microsatellite polymorphism and broadscale recombination rates in the human genome, there are several possible reasons why such a relationship could exist. For instance, there might be a direct link if recombination is mutagenic to microsatellite sequences or if polymorphic microsatellites act as recombination signals. Alternatively, recombination could exert an indirect effect by uncoupling of natural selection at linked loci, promoting polymorphism. As recombination is concentrated in narrow hotspot regions in the human genome, we investigated the relationship between microsatellite polymorphism and recombination hot spots. By using data from a common allele frequency database, we found several polymorphism estimates to be similar for hot spots and the genomic average. However, this is likely explained by an ascertainment bias because markers with high polymorphism information content are usually selected for genotyping in human populations and pedigrees. In contrast, by using an unbiased set of shotgun sequence data, we found an excess of microsatellite polymorphism in recombination hot spots of 14%. However, when other genomic variables are taken into account in a generalized model and using wavelet analysis, the effect is no longer detectable and the only firm predictor of microsatellite polymorphism is the incidence of SNPs and indels. One possible neutral explanation to these observations is that there is a common denominator affecting the local rate of mutation in unique as well as in repetitive DNA, for example, base composition.
Introduction
Microsatellites, or simple sequence repeats, are stretches of DNA sequence that consist of direct tandem repeats of short (1-5 bp) motifs (Tautz et al. 1986 ). There is an estimated density of one microsatellite every 2 kb in the human genome (International Human Genome Sequencing Consortium 2001), whereas there are examples of both higher and lower densities in other eukaryotic genomes (Katti et al. 2001; Dieringer and Schlötterer 2003) . Ever since the realization that simple repeats represent a ubiquitous and significant part of the genome, it has been an issue whether microsatellites simply represent ''junk'' DNA sequences or if they have some function (Li et al. 2004; Kashi and King 2006) . Most investigators have considered them to represent neutral markers that, with the exception of expanded trinucleotide repeats causing human disease (Pearson et al. 2005 ), generally do not contribute to phenotypic variation. However, there have recently been frequent reports of associations between microsatellite alleles and various phenotypic traits (Hammock and Young 2005) , supporting an old idea that microsatellites affect gene regulation (Hamada et al. 1984) . However, the significance of these observations is unclear because other cis-acting elements, contained within microsatellitedefined haplotypes, might be responsible for the observed associations.
Relevant in the context of microsatellite function is some evidence that point at an association with genetic recombination. An association between microsatellite occurrence and regions of high recombination rate has been noted in yeast (Bagshaw et al. 2008 ) and, to a lesser extent, in mammals (Kong et al. 2002; Jensen-Seaman et al. 2004; Myers et al. 2005) . What biological processes primarily drive this association is a matter of current debate. In the yeast Saccharomyces cerevisiae, site-specific modification of interchromosomal meiotic recombination activity levels has been shown for microsatellites including poly-A (Schultes and Szostak 1991) , poly-AC (Treco and Arnheim 1986; Gendrel et al. 2000) , and pentanucleotide (Kirkpatrick et al. 1999 ) repeat arrays, and numerous studies have shown that microsatellites can stimulate recombination between plasmids (Bullock et al. 1986; Murphy and Stringer 1986; Wahls et al. 1990; Napierala et al. 2002 Napierala et al. , 2004 . Evidence that recombination can act to mutate microsatellites has also been found in S. cerevisiae (Gendrel et al. 2000) , and aberrant recombination has been implicated in the extreme microsatellite instability seen in some genetic disease (Jakupciak and Wells 2000; Mirkin 2006 ). The study of the relationship between microsatellite polymorphism and recombination is relevant to this debate because if recombination drives microsatellite evolution through a mutagenic effect, recombination rate should be correlated with microsatellite variability.
Such a result would also be relevant for the use of microsatellites as genetic markers, which is currently limited by a lack of understanding of the factors underlying the variance in mutability among loci (Buschiazzo and Gemmell 2006) . Apparently, inconsistent with a substantial role of recombination, microsatellite variation has been found not to correlate with broadscale recombination rate in humans (Payseur and Nachman 2000; Huang et al. 2002) . However, it has now been established that meiotic recombination is concentrated in narrow ''hot spots'' of a few kilobases, separated by 50-100 kb areas of low recombination (Jeffreys et al. 1998; McVean et al. 2004; Myers et al. 2005) . If recombination and microsatellite variation are somehow associated, we might expect to see the strongest signatures of such an association in recombination hot spots.
Another reason for asking whether microsatellite polymorphism and recombination hot spots are associated is that our understanding of how recombination shapes DNA sequence diversity in general is far from complete. A finescale association with recombination was recently reported for sequence diversity on a single human chromosome (Spencer et al. 2006 ), but the extent to which this was caused by mutagenic activity, or recombination acting to decouple the effects of natural selection on linked neutral markers, remains questionable. Some evidence has suggested the importance of GC-biased single-base mutations, possibly resulting from aberrant gene conversion activity at recombination hot spots (Spencer et al. 2006; Duret and Arndt 2008) . However, a positive relationship between insertion/deletion mutations, such as occur commonly in microsatellites, and recombination hot spots would suggest that other processes are also important.
Here, we investigate the relationship between microsatellite polymorphism and recombination in the human genome by using data on the location of recombination hot spots, microsatellite allele frequencies in human populations, and unbiased data on microsatellite polymorphism from shotgun sequencing.
Materials and Methods

Recombination Hot Spots
We used the locations of recombination hot spots in the human genome reported by Myers et al. (2005) . The coordinates given for the recombination hot spots in the original report are based on the NCBI34 version of the human genome. Because other data sets used in our study were based on NCBI35 or NCBI36, we used the liftOver utility from UCSC Genome Bioinformatics (http://genome.ucsc.edu/cgi-bin/hgLiftOver) to translate the hotspot coordinates between assemblies. Twenty-nine of 78,533 hot spots were lost in these translations.
Microsatellite Polymorphisms
Two sources of microsatellite polymorphism data were used. We downloaded the tables from the ALlele FREquency Database (ALFRED) (Rajeevan et al. 2003) , from which data were filtered to only include those loci which consisted of perfect (uninterrupted) microsatellites and had information on allele length. Based on this, we obtained three different estimates of the level of mutability for microsatellite loci. First, we determined the difference in length between the longest and shortest allele (allele span), a variable that can be expected to correlate positively with mutation rate as more allelic states are generated at high mutation frequencies. Second, based on similar arguments, we noted at each locus the number of segregating alleles. Third, we calculated the expected heterozygosity (h51 À P x 2 i ; where x i is the frequency of the ith allele), which also should reflect the underlying mutation rate. All three estimates of mutability were first calculated for each population, then averaged over the populations available in ALFRED for each locus. Finally, the statistic was averaged over hot spots.
The second source of data was length polymorphisms identified by Mills et al. (2006) based on large shotgun sequencing efforts. These insertions and deletions had been classified as representing length variation in tandem repeats, or unique sequence, by Tandem Repeats Finder (Benson 1999) .
Microsatellite Abundance
The human genome assembly NCBI34, except chromosome Y, was screened for microsatellites using a modified version of the repeat-finding program Sputnik (Morgante et al. 2002) set to only report perfect microsatellite repeats with a total length longer than 6 bp, with the additional requirement of containing at least two repeat units.
Statistics
To test if properties of microsatellites in hot spots differed from random expectation, we performed resampling tests. The statistic of interest was first calculated for hotspot regions. This value was compared with a null distribution of the statistic obtained from 1,000 resampled sets of regions. In each resampling round nonoverlapping regions with the same lengths as the known recombination hot spots were randomly drawn from the genome following a uniform distribution. The number and lengths of regions for each chromosome were retained in the random sample. This was done to focus the analysis on finer scale variation and to avoid to let chromosome scale heterogeneities in, for example, recombination rate or base composition affect the results.
To analyze the connection between microsatellite polymorphism and recombination, we used a generalized linear model with a Poisson error distribution with no restriction on dispersion (family 5 quasi-Poisson in R, link 5 log) at the 1-kb scale (for the sake of consistency with the wavelet analysis described below). The quasi-Poisson method relaxes the assumption that the response conforms to a Poisson distribution, that is, that the variance equals the mean. In this generalized model, microsatellite polymorphism (the response variable) was predicted simultaneously by recombination, GC content, coding sequence content (taken from the UCSC Genome Browser; http:// genome.ucsc.edu), microsatellite occurrence, SNP density, and indel density. This approach effectively predicts the effect of recombination while controlling for the effects of other predictors. For larger scales, we used a correlation of detail wavelet transformed data as described by Spencer et al. (2006) . The wavelet transform requires data for all subregions within an analysis block, with the number of subregions being an even exponential of 2. We used a subregion size of 1 kb, at which level all data were averaged. Throughout the human genome we analyzed a total of 37 regions of 2 15 kb (about 32.8 Mb), for which data about recombination (derived from Myers et al. 2005) , microsatellites, SNP and indel polymorphism (Mills et al. 2006) , coding sequence (UCSC Genome Browser), as well as GC content were available for all 1-kb regions with no gaps. These included samples from 16 different chromosomes and a reasonable selection of short arm, long arm, centromere-proximal and telomere-proximal regions. We selected a region size of 2 15 kb in preference to other possible sizes for three reasons. Firstly, it was employed in the study by Spencer et al. (2006) , in which our wavelet analysis method was based. Secondly, only eight regions of 2 16 kb would have been possible with the data available due to the need in wavelet analysis for contiguity in all variables. Thirdly, although smaller regions would have enabled more replication and greater overall coverage of the genome, the power of wavelet analysis to detect broadscale correlations obviously declines with decreasing size of studied regions. The use of 37 replicate regions had the advantage of allowing some evaluation of regional effects, and overall significance was calculated by combining the P values in cases where the correlations were consistently positive or consistently negative across all regions. This was done by Stouffer's method, also known as Stouffer's z-test (Stouffer et al. 1949) , which is a simple way to combine probabilities from multiple independent results to obtain a statistic for the overall probability of the combination of observations. The wavelet correlation was performed for regions between 2 kb and 1024 kb in size (in increasing exponentials of 2).
Results
To analyze the relationship between recombination and microsatellite evolution, we used the ALFRED database, which contains microsatellite allele frequency information from population surveys. From this, we extracted polymorphism data from 282 microsatellite loci spread across the human genome. Forty of these loci are located within recombination hot spots. This is more than would be expected by chance (27 would be expected; resampling test, P 5 0.023), showing an overrepresentation of polymorphic microsatellites in recombination hot spots.
However, none of three mutability estimates (allele span, number of alleles, and heterozygosity) of microsatellites in recombination hot spots deviates significantly from random expectations ( fig. 1a-c) . This is unexpected at a first glance, at least for models invoking a role of recombination in causing microsatellite mutations. However, the failure to demonstrate increased mutability/polymorphism in recombination hot spots could be due to a methodological artifact. Markers contained within allele frequency databases are likely to initially have been selected for their polymorphism information content, that is, they have been chosen for population screening or linkage mapping on basis of known high heterozygosity. Such ascertainment bias (Ellegren et al. 1995) , if it exists, could mask an underlying difference in microsatellite characteristics between recombination hot spots and other regions of the genome. Specifically, if highly polymorphic markers from across the genome are selected for use, it is expected that they show similar patterns of mutability/polymorphism. This would not only be able to explain the uniformity in variability estimates of microsatellites in hot spots and non-hot spots but also the observation of an overrepresentation of polymorphic microsatellites in hot spots ( fig. 1d) . If simple repeat loci with high polymorphism are more common in hot spots than in the rest of the genome, selection for variable markers also selects for markers in hot spots.
To overcome the problem of using a set of microsatellite markers potentially affected by an ascertainment bias, we turned to a set of about 44,000 length polymorphisms within tandem repeats (Mills et al. 2006) of microsatellites that is polymorphic in a draw of two alleles, its advantage is that it provides polymorphism (mutability) data for a random set of markers. Note that sparse shotgun sequencing typically means that only one additional allele from the population is sequenced for each locus. This may either represent the same allelic state as the genome reference or a different allelic variant. Accordingly, any one locus can only be scored as homozygous (the same allele length seen twice) or heterozygous (two different length variants seen).
Using these data, we find that there are significantly more polymorphic microsatellites in recombination hot spots than in other genomic regions of the same window size (P , 0.001, table 1). Moreover, we also find that the proportion of microsatellites that is polymorphic in recombination hot spots is significantly higher, by 14.3% (95% confidence interval [CI] 11.4-17.2%), than the expected mean frequency for the genome as a whole (table 1) . An excess of similar magnitude was also found for SNPs and indels in hot spots, 20.9% (95% CI 14.9-27.5%) for SNPs and 16.5% (95% CI 14.1-19.1%) for indels. This observation offers a direct link between microsatellite polymorphism and recombination, although it cannot address their causal relationship.
In order to attempt to address the causality of recombination on microsatellite polymorphism, we turned to using a generalized linear model of microsatellite polymorphism as predicted by recombination. To isolate the effect of recombination, GC content, microsatellite occurrence, gene content, SNP frequency, and indel frequency were included as predictors in the model. For consistency with the wavelet analysis (see below), the model was fitted to data for 1-kb windows in 37 different 2 15 kb regions. However, for all but a limited number of the 37 regions, recombination fails to predict microsatellite polymorphism. After correction for multiple testing, no region is longer statistically significant (table 2). The only consistent predictor of microsatellite polymorphism in this analysis is SNP density.
Without any clear evidence for a connection between recombination and microsatellite polymorphism at the 1-kb scale, we turned to wider scales. Using the detailed wavelet transformation of microsatellite occurrence and recombination as described by Spencer et al. (2006) , the correlation between microsatellite polymorphism and recombination was tested at scales between 1 and 1,024 kb. This transformation lets us study the effects on different scales independently of each other. A significant positive association was found in a few cases at the 256 kb level ( fig. 2) , although based on the large number of tests performed (370 scaleregion combinations) this is what would be expected by pure chance. Hence, after correcting for other genomic variables, we are no longer able to detect an excess of microsatellite polymorphism in recombination hot spots.
Discussion
In this study, we addressed the levels of genetic variability at human microsatellite loci in relation to recombination hot spots. The most significant finding was that microsatellite variability, as SNP and indel density, is considerably higher in hot spots compared with the genomic average. However, when correcting for other genomic variables, this effect is no longer detectable. In the latter analysis, the frequency of SNPs and indels is the only 34 (0) NOTE.-The rightmost column shows numbers of 2 15 kb regions (out of 37 tested) with a significant positive (pos) or negative (neg) effect of the predictor (P , 0.01 by t-test). Overall significance was calculated by Stouffer's method (Stouffer et al. 1949) in cases where the direction of correlation was consistent across all regions, and ''inc'' indicates inconsistency in the direction of correlation, that is, some regions showed negative effects and others positive effects. SEM, standard error of the mean.
FIG. 2.-Wavelet correlations between polymorphic microsatellite fraction and recombination rate. Pair-wise Kendall's Rank correlations between wavelet decompositions of microsatellite polymorphic fraction and recombination rate for the 37 regions of the human genome with values for each variable for 2 15 kb contiguous blocks. Scale (kb) is on the X axes and correlation coefficient is on the Y axes. Significant correlations (P , 0.01) are flagged with a red cross. Approximate locations of each region are given, and where they are within 10 Mb of a centromere or telomere they are labeled as near to that feature. significant predictor of microsatellite polymorphism. There are at least two possible explanations to these observations. One is that microsatellite variability and recombination are unrelated and that the higher incidence of polymorphic microsatellites in hot spots suggested by our initial analysis is mainly due to secondary correlates. However, we cannot exclude the alternative possibility that there indeed is a true relationship between microsatellite variability and recombination but that we do not have enough power to detect this relationship with a generalized model. In the following, we therefore discuss different scenarios compatible with either of these explanations, beginning with possible causes to a link between microsatellite polymorphism and recombination hot spots (polymorphic microsatellites promote recombination, recombination is mutagenic to microsatellites, and recombination reduces the effect of selection at linked sites).
A causal Link between Microsatellite Polymorphism and Recombination?
A direct link between microsatellites and recombination would be that simple repeats somehow trigger crossing-over. Although double-strand breaks (DSBs), the initial stage of meiotic recombination, show no clear sequence preference in eukaryotes (Nishant and Rao 2006) , distal sequences are involved in regulating them (Wu and Lichten 1995) . For instance, deletion of a 14-bp poly-A tract reduced activity of the yeast ARG4 hot spot by 75% (Schultes and Szostak 1991) despite the fact that DSBs avoid poly-A (de Massy et al. 1995) . Because only a handful of hot spots have been examined in any detail with respect to mechanism, it remains an open possibility that microsatellites could potentiate recombination in at least a subset of such regions. The ubiquitous distribution of microsatellites does not rule this out because hot spots are regulated by heterogenous, complex, and multileveled processes, including distal and local sequences (Petes 2001) . Moreover, it may be that different microsatellite motifs vary in the extent to which they trigger recombination. This idea gains some support from the observation of Myers et al. (2005) that certain microsatellite motifs are overrepresented in hot spots.
An interesting yet speculative possibility is that length variation as such introduces an instability between sister chromatids that increases the likelihood for recombination events (Kayser et al. 2006) . On the other hand, although the high heterozygosity of microsatellite loci means that they frequently show length variation, there are other genomic regions in which length variation involves longer sequence tracts and where a possible heterozygote instability effect would be more plausible. Minisatellites (Jeffreys et al. 1999 ) and segmental duplications (Sharp et al. 2005 ) are two such examples.
A Causal Link between Recombination and Microsatellite Polymorphism?
A possible explanation of high levels of microsatellite variability in recombination hot spots is that recombination is mutagenic to microsatellites, promoting the generation and maintenance of polymorphic simple repeats in tracts of high recombination. This is supported by some experimental data in Escherichia coli (Hashem et al. 2004 ) and S. cerevisiae (Gendrel et al. 2000) . Instability of trinucleotide repeats implicated in human disease is generated in part by massive expansions caused by homologous recombination (Jakupciak and Wells 2000) . However, the observation that microsatellite mutation rates do not differ between markers on the nonrecombining Y chromosome and on autosomes (Kayser et al. 2000) is not compatible with a strong mutagenic effect of meiotic recombination.
There is substantial support for the conclusion that replication slippage is the main, if not the sole, cause of microsatellite mutation (Ellegren 2004) . In theory, there may be properties of hot spots that increase microsatellite mutability without the direct involvement of recombination. One possibility is replication pausing, which may be causally involved in at least a subset of recombination hot spots (Petes 2001) and where experimental evidence in vitro has linked it to microsatellite mutation (Fouche et al. 2006) . However, the evidence for recombination being mutagenic to microsatellites remains weak.
The Role of Natural Selection on Polymorphism Levels at Linked Loci It has been noted, in many organisms, that the level of intraspecific genetic diversity and the local rate of recombination are positively correlated (Begun and Aquadro 1992; Nachman 2001) . Such correlation is compatible with a role of natural selection in shaping patterns of nucleotide variation at a local scale. This could either be because of background selection, which implies the removal from the population of deleterious mutations (Charlesworth 1994) , or hitchhiking with positively selected alleles (Maynard Smith and Haigh 1974) . Both these phenomena have the effect of reducing N e of the local genomic region, which in turn reduces genetic diversity. The range of the effect is expected to be determined by the local recombination rate; high recombination decouples neutral polymorphisms from nearby selected sites, increasing the likelihood of genetic variation being maintained.
However, previous studies have not found an association between microsatellite variability and local recombination rates in humans (Payseur and Nachman 2000; Yu et al. 2001; Huang et al. 2002) . Similarly, it is not seen in mouse (Thomas et al. 2005) . In theory, this could be due to a low density of targets for selection near microsatellites in low recombining regions; however, this seems unlikely given the ubiquitous distribution of microsatellites in the mammalian genome. A more plausible explanation is the usually high mutation rate of microsatellites, which should counterbalance the effects of long-range hitchhiking in low recombining regions (Slatkin 1995) , in particular, if selective sweeps are relatively infrequent (Wiehe 1998) . In accordance with this interpretation, in Drosophila melanogaster where microsatellite mutation rates are several orders of magnitude lower than in humans (Schlötterer et al. 1998) , recombination and microsatellite polymorphism are positively correlated (Schug et al. 1998 ).
The fact that we, in contrast to previous work, find a rather strong association between recombination and microsatellite diversity (without controlling for other variables) can potentially be explained that recombination is highly clustered in the human genome (Myers et al. 2005) . It may be that with relatively homogeneous rates of recombination in non-hot spot regions and with the high mutation rates of microsatellites, recombination is a poor predictor of microsatellite variability for most parts of the genome. It is also possible that previous microsatellite studies have been limited by an ascertainment bias (Ellegren et al. 1995) , in which data mainly come from microsatellite markers selected to rather uniformly have high degree of polymorphism.
A Neutral Explanation of Polymorphism at Microsatellite and Other Loci, Not Invoking Recombination Similar to other studies (Begun and Aquadro 1992; Nachman 2001) , we find higher levels of unique sequence (SNP, indels) variation in recombination hot spots. After correcting for variance in divergence, the correlation between nucleotide diversity and recombination has been found to be weak (Hellman et al. 2005) or even absent (Hellman et al. 2003) , suggesting recombination to be mutagenic. An analysis with higher resolution on local recombination rates, including information on recombination hot spots, found recombination to exert an influence on nucleotide diversity only at very small scales (less than a few kb), but with no corresponding effect on divergence (Spencer et al. 2006 ). However, this too could be compatible with a neutral model of recombination being mutagenic; the fine-scale recombination landscape of humans and chimpanzee differs considerably which is likely to obscure detection of the possible mutagenic effect of recombination (Yi and Li 2005) . Importantly, our failure to detect a significant effect of recombination hot spots on microsatellite variability after controlling for SNP and indel density could indicate a neutral model not related to recombination. The rate of point mutation, as well as of short insertions and deletions, vary considerable across the human genome (Ellegren et al. 2003; Spencer et al. 2006; Tanay and Siggia 2008) . The causes of this variation are not fully resolved although they are likely to include factors such as base composition and chromatin structure. As SNP and indel density were found to predict microsatellite polymorphism, this would suggest that there are intrinsic factors affecting the stability of several types of DNA sequences in different chromosomal regions. Given that the mechanism for mutation clearly differs among single nucleotide substitutions, indels and microsatellites, any such intrinsic factor would be most easily conceived to assert its effect through some very general influence on DNA. Base composition, by affecting the stability of the helix, could potentially be seen to play such a general role on overall mutation rates. It is noteworthy in this context that base composition has recently been shown to affect the relative stability of different microsatellite motifs (Brandström and Ellegren 2008) .
